Hippocampal long-term depression (LTD) is a long-lasting decrease in synaptic strength that is most commonly studied at glutamatergic inputs to pyramidal cells in hippocampal area CA1. Activation of G-protein-coupled group I (including types 1 and 5) metabotropic glutamate receptors (mGluRs) by the pharmacological agonist (RS)-3,5-dihydroxyphenylglycine (DHPG) elicits LTD in area CA1 of the hippocampus. Recent reports have shown that de novo protein synthesis is necessary for DHPG-induced LTD. However, relatively little is known about the signaling pathways that couple mGluRs to translation initiation. In this study, we investigated whether the activation of the phosphoinositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin (mTOR) pathway, which has been shown to regulate translation initiation, is necessary for mGluR-LTD induced by DHPG. We found that brief incubations of mouse hippocampal slices with DHPG resulted in increased phosphorylation of Akt and mTOR in hippocampal area CA1. Two structurally unrelated PI3K inhibitors, LY294002 and wortmannin, blocked the DHPG-induced increases in phosphorylation of Akt and mTOR. Biochemical fractionation studies showed that the DHPG-induced increase in the phosphorylation of Akt and mTOR could be detected in synaptoneurosome preparations, and immunohistochemical analysis revealed that similar increases could be detected in both stratum pyramidale and stratum radiatum in area CA1. Finally, we observed that both PI3K inhibitors and rapamycin, an mTOR inhibitor, prevented mGluR-LTD induced by DHPG. Together, our findings indicate that activation of the PI3K-Akt-mTOR signaling cascade is required for mGluR-LTD and suggest that this pathway may couple group I mGluRs to translation initiation in hippocampal area CA1.
Introduction
Long-term depression (LTD) in the hippocampus may provide a cellular substrate for certain forms of learning and memory (Braunewell and Manahan-Vaughan, 2001 ). Two mechanistically distinct forms of LTD coexist at Schaffer collateral synapses in area CA1 of hippocampus (Oliet et al., 1997) , an NMDA receptor-dependent form (Mulkey and Malenka, 1992 ) and a metabotropic glutamate receptor (mGluR)-dependent form (Bolshakov and Siegelbaum, 1994; Oliet et al., 1997) . The mGluR-dependent form of LTD (mGluR-LTD) is particularly interesting, because it requires rapid translation of preexisting dendritic mRNA (Huber et al., 2000) .
mGluR-LTD can be selectively induced by (RS)-3,5-dihydroxyphenylglycine (DHPG), an agonist that activates the group I mGluRs, including mGluR1 and mGluR5 (Palmer et al., 1997; Fitzjohn et al., 1999; Schnabel et al., 1999; Huber et al., 2000) . Several signaling molecules have been shown to be required for mGluR-LTD in area CA1, including Gq-type G-proteins (Kleppisch et al., 2001) , p38 mitogen-activated protein (MAP) kinase (Rush et al., 2002) , and tyrosine phosphatases (Moult et al., 2002) . However, little is known concerning the signaling pathways that couple mGluRs to translation initiation during mGluR-LTD.
Phosphoinositide (PI) lipid signaling is involved in both synaptic plasticity (Kelly and Lynch, 2000; Daw et al., 2002; Raymond et al., 2002; Sanna et al., 2002; Opazo et al., 2003) and translation initiation. After phosphorylation by phosphoinositide 3-kinase (PI3K), lipids such as phosphatidylinositol-3,4,5-trisphosphate (PIP 3 ) act as second messengers to recruit and activate protein kinases such as phosphoinositide-dependent kinase 1 (PDK1) and Akt (Franke et al., 1997; Chan et al., 1999) . Akt affects numerous downstream targets, including proteins that regulate translation. These include a protein kinase termed mammalian target of rapamycin (mTOR) and its downstream targets S6 kinase (S6K) (Dufner and Thomas, 1999) and the eukaryotic initiation factor 4E (eIF4E)-binding protein (4E-BP) Raught and Gingras, 1999) . S6K is activated via mTOR-dependent phosphorylation and can phosphorylate ribosomal protein S6, an event that results in enhanced translation of 5Ј terminal oligopyrimidine tract-containing (5Ј TOP) mRNAs (Terada et al., 1995; Jefferies et al., 1997) . The mTOR-dependent phosphorylation of 4E-BP (Brunn et al., 1997b) causes dissociation of 4E-BP from eIF4E Pause et al., 1994) . This dissociation permits eIF4E to recruit an initiation complex of multiple translation factors to the mRNA cap structure m 7 GpppN, an essential step necessary for translation initiation (Lawrence and Abraham, 1997) . Thus, mTOR is a protein kinase that is critical for regulation of translation initiation.
In this study, we investigated the role of the PI3K-Akt-mTOR signaling pathway in mGluR-LTD in area CA1 of mouse hippocampal slices using biochemical, immunohistochemical, and electrophysiological approaches. We found that treatment of hippocampal slices with DHPG increases the phosphorylation of PDK1, Akt, and mTOR in a PI3K-dependent manner in area CA1. We also found that inhibition of either PI3K or mTOR resulted in the blockade of mGluR-LTD induced by DHPG. Together, our findings indicate that activation of the PI3K-AktmTOR signaling pathway is required for mGluR-LTD in hippocampal area CA1 and suggest that this cascade couples mGluRs to the protein translation machinery during mGluR-LTD.
Materials and Methods
Materials. All primary antibodies used were purchased from Cell Signaling Technology (Beverly, MA). The horseradish peroxidase-linked goat anti-rabbit IgG was obtained from Promega (Madison, WI). Indocarbocyanine (Cy3)-conjugated AffiniPure goat anti-rabbit IgG was purchased from Jackson ImmunoResearch (West Grove, PA). DHPG, 2-methyl-6-(phenylethynyl)-pyridine (MPEP), and LY367385 were obtained from Tocris Cookson (Ellisville, MO). LY294002, LY353011, and wortmannin were purchased from Sigma (St. Louis, MO). Rapamycin was obtained from Cell Signaling Technology. Ascomycin was purchased from Calbiochem (San Diego, CA). Enhanced chemiluminescence (ECL) Western blotting detection reagents were obtained from Amersham Biosciences (Piscataway, NJ).
Hippocampal slice preparations. Hippocampal slices from male C57BL/6 mice 6 -8 weeks of age were removed, and 400 m slices were prepared. Slices were placed in saline solution containing (in mM) 124 NaCl, 4.4 KCl, 26 NaHCO 3 , 10 D-glucose, 2 CaCl 2 , and 2 MgCl 2 , gassed with 95% O 2 /5% CO 2 , pH 7.4, for 1 hr at room temperature and then transferred to a 32°C artificial CSF (ACSF) containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , 25 D-glucose saturated 95% O 2 /5% CO 2 , pH 7.4, for 1 hr. Slices then were exposed to different compounds of interest for the indicated times and snap frozen over dry ice. The CA1 regions were microdissected and sonicated in ice-cold homogenization buffer (HB) containing phosphatase and protease inhibitors (200 nM calyculin, 10 g/ml leupeptin, 2 g/ml aprotinin, 1 mM sodium orthovanadate, and 1 M microcystin-LR). Synaptoneurosome fractions were prepared as described previously (Johnson et al., 1997) by passing the sonicate through membranes of decreasing pore size (100 to 5 m). The final filtrate was centrifuged at 10,000 ϫ g (20 min; 4°C), and the pellet containing the synaptoneurosomes was resuspended in HB. The protein concentration was measured by the method of Bradford (1976) using bovine serum albumin as the standard.
Western blot analysis. Equivalent amounts of protein for each sample were resolved in 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. The PVDF membranes were blocked in 5% nonfat dry milk for 1 hr in Tris-buffered saline containing Tween 20 and then incubated with the phospho-specific antibody of interest [phospho-Akt (Ser473) antibody, 1:1000; phospho-mTOR (Ser2448) antibody, 1:1000; phospho-PDK1 (Ser 241) antibody, 1:2000] for 1 hr at room temperature followed by incubation with horseradish peroxidaselinked goat anti-rabbit IgG (1:2500 dilution) and developed using ECL. The blots then were incubated in stripping buffer (62 mM Tris-HCl, pH 6.8, 2% SDS, and 100 mM ␤-mercaptoethanol) for 1 hr at 55-60°C followed by incubation in Tris-buffered saline with Tween 20 for 30 min.
The stripped blots were incubated with an antibody directed against total levels of the respective protein (Akt antibody, 1:1000; mTOR antibody, 1:1000; PDK1 antibody, 1:2000). Densitometric analysis of phosphoimmunoreactivity and total immunoreactivity for each protein was conducted using Scion image software (Scion, Frederick, MD). Phosphorylated immunoreactivity was normalized to total immunoreactivity for each kinase. The statistical analysis described in the figure legends was performed on non-normalized data.
Immunohistochemistry. Control slices and slices treated with either DHPG or DHPG plus LY294002 were immediately put in ice-cold 4% paraformaldehyde/0.1% glutaraldehyde in PBS, pH 7.4, and fixed overnight. The slices then were put in 30% sucrose overnight at 4°C and embedded with optimal cutting temperature compound. The slices were sectioned into 20 m sections using a sliding microtome. Free-floating sections were blocked with 10% normal goat serum in PBS/0.7% Triton X-100 (PBS-TX) overnight at 4°C. Sections were then incubated overnight at 4°C with primary antibodies [phospho-Akt antibody (ser 473), 1:100; phospho-mTOR antibody (ser 2448), 1:50; MAP-2 antibody, 1:100]. After washing three times with PBS-TX, sections were incubated for 2 hr at room temperature with Cy3-conjugated AffiniPure goat antirabbit IgG and FITC-conjugated goat anti-mouse IgG and diluted 1:500 in blocking solution. Sections were then washed and mounted onto poly-L-lysine-coated slides. Sections were analyzed and imaged using a Zeiss LSM 510 meta confocal microscope system (Zeiss, Oberkochen, Germany).
Electrophysiological recordings. Extracellular recordings were obtained from area CA1 of C57/BL6 mouse hippocampal slices. The 400-mthick slices were prepared as described previously. The slices were placed in an interface-recording chamber and equilibrated with oxygenated ACSF at a flow rate of 1 ml/min at 30°C for at least 1 hr before recording. Extracellular recordings of field EPSPs (fEPSPs) were obtained from the stratum radiatum using microelectrodes filled with ACSF (resistance, 1-4 M⍀). A bipolar Teflon-coated platinum electrode was placed in stratum radiatum to activate Schaffer collateral-commissural afferents at 0.05 Hz. The stimulation strength was set to elicit a response equivalent to 50% of the maximal fEPSPs. In all experiments, baseline synaptic transmission was monitored for a minimum of 10 min before drug administration. The slope of the fEPSP was expressed as a percentage of the baseline average before drug application. Normalized data were averaged and expressed as the mean Ϯ SEM. Significant differences between groups were determined using either an independent Student's t test or ANOVA performed on a 10 min average taken 50 min after DHPG application.
Results
Activation of group I mGluRs with DHPG increases the phosphorylation of PDK1, Akt, and mTOR in hippocampal area CA1 To examine whether activation of group I mGluRs could trigger the activation of the PI3K-Akt-mTOR pathway in area CA1, we first used phospho-specific antibodies to measure the relative levels of the phosphorylated, active forms of PDK1 and Akt after hippocampal slices were treated with DHPG. For PDK1, we used an antibody specific for phosphorylated serine 241, which is on the activation loop of PDK1 and is necessary for kinase activity (Casamayor et al., 1999) . For Akt, we used an antibody specific for phosphorylated serine 473, which is essential for maximal activation of Akt (Alessi et al., 1996) . Incubation of hippocampal slices with 50 M DHPG for 5 min increased the phosphorylation of PDK1 and Akt as measured on Western blots of homogenates from area CA1 ( Fig. 1 A, B) . The DHPG-induced increase in the phosphorylation of PDK1 and Akt was transient, returning to control levels 20 min after washout of DHPG ( Fig. 1 A, B ). PI3K and Akt can phosphorylate and activate mTOR Nave et al., 1999; Sekulic et al., 2000) , a protein kinase that has been shown to regulate translation initiation (Gingras et al., 2001 ). Therefore, we also examined whether activation of group I mGluRs with DHPG could result in an increase in the levels of phosphorylated, active mTOR in area CA1. We used an antibody specific for phosphorylated serine 2448, which has been reported to be important in the control of mTOR activity (Brunn et al., 1997a; Scott et al., 1998) . Incubation of hippocampal slices with DHPG for 5 min resulted in an increase in the phosphorylation of mTOR (Fig.  1C,D) . The DHPG-induced increase in the phosphorylation of mTOR was transient, returning to control levels by 5 min after washout of DHPG (Fig. 1C,D) . Interestingly, the DHPG-induced increase in mTOR phosphorylation was more transient than the DHPG-induced increases in PDK1 and Akt phosphorylation, suggesting that DHPG may also activate an mTOR-sensitive protein phosphatase. Together, these findings indicate that activation of group I mGluRs with DHPG is associated with transient increases in the phosphorylation of PDK1, Akt, and mTOR in hippocampal area CA1.
DHPG-induced increases in PDK1, Akt, and mTOR phosphorylation are PI3K dependent
It is well known that PDK1, Akt, and mTOR are downstream effectors of PI3K. Therefore, we determined whether either LY294002 or wortmannin, two structurally distinct PI3K inhibitors, could block the DHPG-induced increases in the phosphorylation in PDK1, Akt, and mTOR. We found that both LY294002 (50 M) and wortmannin (100 nM) completely blocked the increases in PDK1, Akt, and mTOR phosphorylation induced by DHPG (Fig. 2) . Neither LY294002 nor wortmannin alone altered the basal levels of PDK1, Akt, and mTOR phosphorylation (data not shown). These results indicate that activation of PI3K is required for the activation of PDK1, Akt, and mTOR triggered by activation of group I mGluRs in hippocampal area CA1.
The effects of mGluR1 and mGluR5 antagonists on DHPGinduced increases in Akt and mTOR phosphorylation
Group I mGluRs include the mGluR1 and mGluR5 subtypes (Anwyl, 1999) , both of which are activated by DHPG. We were interested in determining the relative contributions of these two group I mGluR subtypes in the DHPG-induced increases in the phosphorylation of Akt and mTOR. To address this issue, we determined whether either LY367385 (100 M), an mGluR1 antogonist, or MPEP (10 M), an mGluR5 antagonist, could block the DHPG-induced increases in the phosphorylation of Akt and mTOR. Incubation of hippocampal slices with either LY367385 or MPEP alone significantly reduced the DHPG-induced increase in the phosphorylation of Akt and mTOR ( Fig. 3 A, B) . Incubation of the slices with LY367385 and MPEP together completely blocked the DHPG-induced increase in the phosphorylation of Akt and mTOR ( Fig. 3 A, B) . Incubation of slices with either LY367385 or MPEP alone did not alter basal levels of phosphorylated Akt and mTOR (data not shown). In addition, incubation of slices with 50 M 2-amino-5-phosphonopentanoic acid, an NMDA receptor antagonist, did not affect the DHPGinduced increases in the phosphorylation of Akt and mTOR (data not shown). Overall, these results suggest that the activation of both mGluR1 and mGluR5 subtypes of group I mGluRs are required for the DHPG-induced increase in the phosphorylation of Akt and mTOR in hippocampal area CA1.
DHPG-induced increases in the phosphorylation of Akt and mTOR in synaptoneurosomes from hippocampal area CA1
To determine whether the DHPG-induced increases in Akt and mTOR phosphorylation occurred in specific subcellular compartments, we treated hippocampal slices with DHPG, isolated synaptoneurosomes from area CA1, and probed the synaptoneurosome preparations for phosphorylated Akt and phosphorylated mTOR. We observed that slices treated with DHPG significantly increased the phosphorylation of both Akt and mTOR in synaptoneurosome preparations (Fig. 4) . Similar to our findings with hippocampal homogenates, we found that the PI3K inhibitor LY294002 blocked DHPG-induced increases in phosphorylation of Akt and mTOR in synaptoneurosomes (Fig. 4) . Together, Figure 1 . DHPG induces increases in the phosphorylation of PDK1, Akt, and mTOR in hippocampal area CA1. Hippocampal slices were treated with DHPG (50 M) for 5 min. Slices then were incubated with ACSF in the absence of DHPG for the indicated times, and the level of phosphorylation in PDK1, Akt, and mTOR was assessed via Western blot analysis. A, Representative Western blots for phoshorylated PDK1 (p-PDK1), total PDK1, phosphorylated Akt (p-Akt), and total Akt. Numbers indicate molecular weight markers. Con, Control. B, p-PDK1 and p-Akt immunoreactivity were normalized to total PDK1 and total Akt immunoreactivity. Values are means Ϯ SEM. p-PDK1 values: 0 min, 154 Ϯ 20% of control, n ϭ 6; 5 min, 210 Ϯ 57% of control, n ϭ 4; 10 min, 161 Ϯ 18% of control, n ϭ 4; 20 min, 120 Ϯ 11% of control, n ϭ 4. p-Akt values: 0 min, 146 Ϯ 19% of control, n ϭ 13; 5 min, 199 Ϯ 52% of control, n ϭ 4; 10 min, 152 Ϯ 28% of control, n ϭ 4; 20 min, 90 Ϯ 8% of control, n ϭ 4. C, Representative Western blots for phosphorylated mTOR (p-mTOR) and total mTOR. Numbers indicate molecular weight markers. D, p-mTOR immunoreactivity was normalized to total mTOR immunoreactivity. Values are means Ϯ SEM. p-mTOR values: 0 min, 149 Ϯ 19% of control, n ϭ 10; 5 min, 92 Ϯ 25% of control, n ϭ 4; 10 min, 108 Ϯ 22% of control, n ϭ 4; 20 min, 104 Ϯ 36% of control, n ϭ 4. * denotes statistical significance compared with control with a Student's t test ( p Ͻ 0.05).
these data indicate that group I mGluR activation can activate the PI3K-Akt-mTOR pathway in synaptic compartments, consistent with the idea that this signaling pathway is involved in mGluR-LTD.
DHPG-induced increases the phosphorylation of Akt and mTOR in both the soma and dendrites of pyramidal neurons in hippocampal area CA1
To further investigate the subcellular localization of phosphorylated Akt and phosphorylated mTOR in hippocampal slices after DHPG stimulation, we used immunohistochemical techniques coupled with confocal microscopy. Treatment of hippocampal slices with DHPG dramatically increased phospho-Akt and phosphomTOR immunoreactivity in both the soma of the stratum pyramidale and dendritic processes of stratum radiatum in area CA1 (Fig.  5) . Preincubation of the slices with the PI3K inhibitor LY294002 significantly reduced the DHPG-induced increases in phosphorylation of Akt and mTOR in cell bodies and dendrites of pyramidal cells (Fig. 5) . These results indicate that group I mGluR activation triggers the activation of the PI3K-Akt-mTOR signaling pathway in both somatic and dendritic compartments in pyramidal cells in hippocampal area CA1.
DHPG-induced mGluR-LTD in hippocampal area CA1 is dependent on PI3K
To examine whether PI3K activity was required for mGluR-LTD, we induced mGluR-LTD by incubating hippocampal slices with DHPG (50 M) for 5 min in the presence of either LY294002 or Figure 2 . DHPG-induced increases in the phosphorylation of PDK1, Akt, and mTOR are PI3K dependent. Hippocampal slices were preincubated with either normal ACSF, LY294002 (50 M), or wortmannin (100 nM) for 30 min and then exposed to DHPG (50 M) for 5 min in the presence of either normal ACSF or the inhibitors. A, Representative Western blots for phosphorylated PDK1 (p-PDK1), total PDK1, phosphorylated Akt (p-Akt), total Akt, phosphorylated mTOR (p-mTOR), and total mTOR. B, Phosphorylated kinase immunoreactivity was normalized to total kinase immunoreactivity for each kinase. Values are means Ϯ SEM. p-PDK1 values: DHPG, 154 Ϯ 20% of control, n ϭ 6; DHPG plus LY294002, 91 Ϯ 6% of control, n ϭ 3; DHPG plus wortmannin, 103 Ϯ 11% of control, n ϭ 3. p-Akt values: DHPG, 146 Ϯ 19% of control, n ϭ 13; DHPG plus LY294002, 98 Ϯ 18% of control, n ϭ 6; DHPG plus wortmannin, 57 Ϯ 8% of control, n ϭ 6. p-mTOR values: DHPG, 149 Ϯ 20% of control, n ϭ 10; DHPG plus LY294002, 88 Ϯ 27% of control, n ϭ 6; DHPG plus wortmannin, 76 Ϯ 13% of control, n ϭ 6. * denotes statistical significance compared with control with a Student's t test ( p Ͻ 0.05). wortmannin. In agreement with previous studies, DHPG caused an acute depression of synaptic transmission that was followed after washout of DHPG by a long-lasting depression of synaptic transmission (Fig. 6) . Treatment of the slices with either LY294002 (50 M) or wortmannin (100 nM) had no effect on either baseline synaptic transmission or the acute depression induced by DHPG (Fig. 6) . In contrast, both LY294002 (Fig. 6 A, B) and wortmannin (Fig. 6C,D) blocked mGluR-LTD. Treatment of the slices with LY303511 (50 M), an inactive structural analog of LY294002, had no effect on mGluR-LTD induced by DHPG (Fig.  6 E, F ) . Together with our biochemical and immunohistochemical findings, these data suggest that activation of the PI3K signaling pathway is required for mGluR-LTD.
DHPG-induced mGluR-LTD in hippocampal area CA1 is dependent on mTOR
Previous studies have shown that mGluR activation can induce synaptic protein synthesis (Weiler and Greenough, 1993 ; Angenstein et al., 1998) and that mGluR-LTD requires de novo protein synthesis (Huber et al., 2000) . It is well known that mTOR is a regulator of several aspects of translation initiation. To determine whether mTOR is required for mGluR-LTD, we treated hippocampal slices with DHPG in the presence of the mTOR inhib- Figure 4 . DHPG-induced increases in the phosphorylation of Akt and mTOR in hippocampal synaptoneurosomes are PI3K dependent. Hippocampal slices were preincubated with either normal ACSF or LY294002 (50 M) for 30 min and then exposed to DHPG (50 M) for 5 min in the presence of either normal ACSF or the inhibitor. After the exposure to DHPG, the slices were frozen, and synaptoneurosomes were prepared as described in Materials and Methods. A, Representative Western blots for phosphorylated Akt (p-Akt), total Akt, phosphorylated mTOR (p-mTOR), and total mTOR. B, Phosphorylated kinase immunoreactivity was normalized to total kinase immunoreactivity for each kinase. Values are means Ϯ SEM. p-Akt values: DHPG, 140 Ϯ 11% of control, n ϭ 3; DHPG plus LY294002, 81 Ϯ 17% of control, n ϭ 3. p-mTOR values: DHPG, 123 Ϯ 6% of control, n ϭ 3; DHPG plus LY294002, 80 Ϯ 9% of control, n ϭ 3. * denotes statistical significance compared with control with a Student's t test ( p Ͻ 0.05). itor rapamycin. Treatment of hippocampal slices with rapamycin (20 nM) abolished mGluR-LTD induced by DHPG (Fig. 7 A, B) . The effect of rapamycin was specific to mGluR-LTD, because rapamycin altered neither baseline synaptic transmission nor the acute depression induced by DHPG (Fig. 7A) . It has been shown that rapamycin forms a complex with the immunophilin FK506-binding protein 12 (FKBP12), which then inhibits the protein kinase activity of mTOR (Brown et al., 1995; Saberset al., 1995) . To confirm the specificity of the action of rapamycin on mTOR, we used ascomycin, an analog of FK506, which binds to FKBP12 but does not inhibit mTOR activity (Petros et al., 1992; Kawai et al., 1993) . Preincubation of slices with ascomycin (20 nM) did not affect DHPG-induced mGluR-LTD (Fig. 7C,D) . Together with the results and our biochemical and immunohistochemical studies, these results indicate that activation of mTOR is required for mGluR-LTD induced by DHPG in hippocampal area CA1.
The role of mGluR1 and mGluR5 in DHPG-induced LTD in hippocampal area CA1
In a previous study of mGluR-LTD in rat hippocampal slices, it was shown that mGluR1 was required for the acute depression and that mGluR5 was required for the long-lasting depression induced by DHPG (Faas et al., 2002 ). Because we found that both LY367385, an mGluR1 antagonist, and MPEP, an mGluR5 antagonist, blocked DHPG-induced increases in the phosphorylation of Akt and mTOR (Fig. 3) , we examined the contributions of mGluR1 and mGluR5 to mGluR-LTD in mouse hippocampal slices. We found that MPEP (10 M) significantly attenuated mGluR-LTD but did not reduce the acute depression-induced DHPG (Fig. 8 A, B) , a finding consistent with the previous study in rat hippocampal slices (Faas et al., 2002) . In contrast, LY367385 (100 M) significantly attenuated the acute depression induced by DHPG, but alone did not alter mGluR-LTD (Fig. 8C,D) . Treatment of hippocampal slices with both MPEP and LY367385 resulted in an attenuation of the acute depression and a complete blockade of mGluR-LTD induced by DHPG (Fig. 8 E, F ) . Our findings indicate that in mouse hippocampal area CA1, both mGluR1 and mGluR5 activation are essential for the full expression of mGluR-LTD, whereas only mGluR1 activation is involved in the acute depression caused by DHPG. 
Discussion
The PI3K-Akt-mTOR signaling pathway is required for mGluR-LTD and may couple group I mGluRs to translation initiation in hippocampal area CA1 Previous studies have shown that activation of mGluRs increases synaptic protein synthesis (Weiler and Greenough, 1993; Angenstein et al., 1998) and that DHPGinduced mGluR-LTD is dependent on dendritic protein synthesis (Huber et al., 2000) . However, the signal transduction pathways that couple group I mGluR to translation initiation is poorly understood. In this report, we have shown that activation of group I mGluRs with DHPG can trigger the activation of the PI3K-AktmTOR signaling pathway in mouse hippocampal area CA1. We detected the activation of this pathway in whole homogenates and synaptoneurosomes as well as in the dendrites of hippocampal area CA1. The activation of this pathway is required for mGluR-LTD because two structurally unrelated PI3K inhibitors, LY294002 and wortmannin, as well as an mTOR inhibitor, rapamycin, blocked the long-lasting depression induced by DHPG. These findings strongly suggest that the PI3K-Akt-mTOR pathway is a signaling pathway that couples group I mGluRs to the translation initiation in hippocampal area CA1. mTOR is required for protein synthesisdependent forms of synaptic plasticity One way that the activation of mTOR can contribute to translation initiation is by phosphorylating 4E-BP, which is bound to eIF4E. The phosphorylated 4E-BP is replaced by eIF4G, a scaffolding translation factor that assembles several critical components of the cap-dependent translation initiation complex on the mRNA via its interaction with cap-bound eIF4E (Lin and Lawrence, 1996; Brunn et al., 1997b; Gingras et al., 1998 Gingras et al., , 1999 . It has been shown that mGluR-LTD is blocked by postsynaptic injection of the cap analog m7GpppG (Huber et al., 2000) , consistent with the possibility that mTOR phosphorylates 4E-BP during mGluR-LTD. mTOR can also regulate translation via either direct or indirect phosphorylation and activation of S6K (Gingras et al., 2001) . S6K then phosphorylates ribosomal protein S6 (Fumagalli and Thomas, 2000) , which can result in enhanced translation of 5ЈTOP mRNAs that encode numerous components of the translation machinery. It remains to be determined whether mTOR is required for the phosphorylation of either 4E-BP, to regulate cap-dependent translation, or S6K, to regulate S6-directed translation during mGluR-LTD.
Several forms of protein synthesis-dependent synaptic plasticity have been shown to require mTOR. In Aplysia sensory neurons, rapamycin inhibits stabilization of long-term facilitation (LTF) induced by serotonin (Casadio et al., 1999) . Similarly, it was shown that rapamycin inhibits LTF at the crayfish neuromuscular junction (Beaumont et al., 2001 ). More recently, it was shown that late-phase long-term potentiation (L-LTP), potentiation induced by brain-derived neurotrophic factor (BDNF), and DHPG-induced depotentiation of LTP in the hippocampus are blocked by rapamycin (Tang et al., 2002; Zho et al., 2002) . In this study, we found that rapamycin blocked mGluR-LTD (Fig.  7 A, B) . Thus, mGluR-LTD induced by DHPG should be added to the list of protein synthesis-dependent forms of synaptic plasticity that require mTOR activity.
The upstream signaling pathways that trigger activation of mTOR during protein synthesis-dependent forms of synaptic plasticity, including mGluR-LTD, are not well understood but likely involve PI3K and Akt . Inhibitors of PI3K have been shown to block crayfish LTF (Beaumont et al., 2001 ) and various forms of LTP (Kelly and Lynch, 2000; Sanna et al., 2002; Opazo et al., 2003) . In addition, BDNF-dependent phosphorylation and activation of mTOR in cultured neurons is blocked by PI3K inhibitors (Takei et al., 2001) . We found that inhibition of PI3K blocked the activation of both Akt and mTOR induced by activation of group I mGluRs by DHPG (Figs. 2, 5 ). The precise delineation of the signaling cascades that couple glutamate, serotonin, and neurotrophin receptors to activation of mTOR via PI3K and Akt during synaptic plasticity is an important issue that remains to be addressed. With respect to group I mGluRs, recently a cytoplasmic PI3K enhancer (PIKE) termed PIKE-L has been reported to couple group I mGluRs to PI3K via Homer (Rong et al., 2003) . Whether PIKE-L is required for the activation of PI3K during mGluR-LTD is a possibility that remains to be examined.
Localization of Akt and mTOR activation during mGluR-LTD
The locus of mGluR-LTD expression is unclear. Several studies have reported that mGluR-LTD is associated with increases in paired-pulse facilitation (Fitzjohn et al., 2001; Faas et al., 2002) and changes in miniature EPSC frequency (Oliet et al., 1997; Fitzjohn et al., 2001) , suggesting that the expression of mGluR-LTD is preynaptic. In addition, it was reported that the presynaptic vesicle release and cycling are altered during mGluR-LTD (Zakharenko et al., 2002) . However, these findings do not eliminate the possibility of a postsynaptic contribution to mGluR-LTD. For example, it has been shown that mGluR-LTD is dependent on postsynaptic protein synthesis (Huber et al., 2000 (Huber et al., , 2001 . In this study, we have shown that activation of group I mGluRs triggers the PI3K-Akt-mTOR signaling cascade and that increases in Akt and mTOR phosphorylation occur in dendrites in area CA1 (Fig. 5) . Although we cannot exclude the possibility of an additional presynaptic locus, our findings are consistent with the idea that the PI3K-Akt-mTOR signaling cascade couples group I mGluRs to translation initiation to enhance dendritic protein synthesis that is required for the expression of mGluR-LTD.
mGluR1 and mGluR5 are differentially involved in DHPG-induced mGluR-LTD in mouse hippocampal area CA1
We found that the mGluR5 antagonist MPEP attenuated DHPGinduced mGluR-LTD (Fig. 8 A, B) . In contrast, the mGluR1 antagonist LY367385 suppressed acute depression of transmission induced by DHPG but did not block DHPG-induced mGluR-LTD (Fig. 8C,D) . Consistent with our findings, it has been shown that DHPG-induced mGluR-LTD is absent in mGluR5 mutant mice (Huber et al., 2001 ). In addition, it has been shown that MPEP blocked DHPG-induced mGluR-LTD in rat hippocampal slices (Faas et al., 2002) , whereas the mGluR1 antagonist LY367385 reduced the acute depression induced by DHPG, but it did not reduce mGluR-LTD (Fitzjohn et al., 1999; Fass et al., 2002) . Previous studies have demonstrated that mGluR5 and mGluR1 have different distribution in CA1 pyramidal cells, with mGluR5 being the most abundant of the group I mGluRs in this region (Romano et al., 1995; Ferraguti et al., 1998) . Interestingly, we found that either MPEP or LY367385 alone reduced the DHPG-induced increases in the phosphorylation of Akt and mTOR; when MPEP and LY367385 together were incubated with slices, the DHPG-induced increases in the phosphorylation of Akt and mTOR were completely blocked (Fig. 3) . In addition, we found that incubation of slices with MPEP and LY367385 together completely blocked DHPG-induced mGluR-LTD (Fig.  8 E, F ) . Overall, our findings indicate that both mGluR1 and mGluR5 are required for the maximum activation of Akt and mTOR induced by DHPG and that both mGluR1 and mGluR5 are necessary for the full expression of mGluR-LTD in mouse hippocampal slices.
A possible mechanism to identify newly synthesized proteins during mGluR-LTD An important question that has not been investigated to date is the identity of newly synthesized dendritic proteins during mGluR-LTD. One likely candidate is the fragile X mental retardation protein (FMRP). FMRP is found predominantly in the cytoplasm where it is thought to dimerize and form a complex with mRNAs, mRNA-binding proteins, FMRP-associated proteins, and ribosomes, tonically inhibiting the translation of the mRNAs in the complex (Jin and Warren, 2003) . FMRP and Fmr1 mRNA have been shown to be present in dendrites (Feng et al., 1997; Weiler et al., 1997) , and stimulation of mGluRs has been shown to result in a rapid translation of FMRP in synaptoneurosomes (Weiler et al., 1997) . Recently, Huber et al. (2002) showed that hippocampal mGluR-LTD is enhanced in slices from Fmr1 knock-out mice. These investigators proposed a model in which mGluR-LTD normally enhances synthesis of FMRP, which serves to limit expression of LTD by inhibiting translation of other synaptic mRNAs, that encode proteins important for synaptic function. Examination of the role of these proteins in mGluR-LTD should provide insight into how specific mRNAs are translated in response to synaptic stimulation that ultimately results in synaptic plasticity.
In conclusion, our findings demonstrate that activation of the PI3K-Akt-mTOR pathway is required for mGluR-LTD, a form of synaptic plasticity that is known to require dendritic protein synthesis. We observed that the DHPG induced a PI3K-dependent activation of both Akt and mTOR in dendrites in hippocampal area CA1, indicating that this signaling pathway could couple group I mGluRs to translation initiation during mGluR-LTD. Determination of downstream effectors of mTOR during mGluR-LTD will be necessary to begin to elucidate the identities of the proteins that are synthesized in dendrites during this type of synaptic plasticity.
